The vital components of the transmission line are the electrical transmission towers. They are commonly used to support the phase conductors and shield wires of a transmission line. Also the accurate prediction of tower failure is very important for the reliability and safety of the transmission system. The current research describes nonlinear FE models of predicting the transmission tower failure. In the current FE simulations, the eccentricity and the joint effect of the tower were considered. The current models have been calibrated with results from previous full-scale tower tests and numerical models with good accuracy in terms of both the failure load and the failure mode.
Introduction
The common transmission towers systems are the pole system and the lattice system. The pole system can be economically used for relatively shorter span and lower voltage (345-kV or less). It may be wood pole, tubular steel, concrete, or reinforced plastics pole (it is the highest restricting application). On the other hand the lattice system can be used for the highest voltage level. The lattice tower members typically consist of steel or aluminum angle sections. The two types can be self-supporting or guyed [1, 2] . In 2012, Selvaraj et al. [3] discussed experimental studies carried out on transmission line tower made from FRP pultruded sections.
The tower must be designed for their own weight, weight of the conductors and insulators, wind, ice (eightytwo transmission towers in the end of November 2005 in Münsterland, Germany failed due to snow rolls formed around the conductors [4] ), vibration load, and security load. The security load occurs on the tower due to accidental events such as broken conductors, broken insulators, or collapse of an adjacent structure in the line due to an environmental event such as a tornado. It causes longitudinal loads on the tower [5] .
The primary members of the lattice tower are the leg and the bracing members. They carry the vertical and shear loads on the tower and transfer them to its foundation. Secondary or redundant bracing members are used to provide intermediate support to the primary members to reduce their unbraced length and increase their load carrying capacity [2] . The tower members are usually angles or flat bars and they are often directly connected together to eliminate gussets by galvanized bolted joints. Using galvanized bolted joints reduces effectiveness of friction type so that these bolts are bearing type bolts. Additionally bearing type bolts are preferred to friction type because they are easy to erect at heights, they are economical; the tower members are thin, and fatigue effects are controlled by limiting slenderness ratio of members and use of lock washers to prevent nut loosening [6] .
Most of the latticed towers presently in service around the world were analyzed as a space truss. Each member of the lattice tower is assumed to be pin-connection at its joints carrying only the axial load and no moment (linear ideal truss analysis). Then the tower is designed to carry axial compression and tensile forces. The full-scale transmission tower tests give larger deflection than the theoretical linear elastic analysis. Also it was found that almost 25% of the towers tested failed below the design loads and often at unexpected locations. Additionally their results showed that the local buckling occurred as a result of the bending moment caused by unbalanced deformation as well as axial compression [7] [8] [9] [10] .
Several researches developed numerical and theoretical models to represent the transmission tower. Prasad Rao and Kalyanaraman [11] developed nonlinear numerical analysis using finite element method. They represented only the main leg members of the tower. Two types of joint models were investigated. In the two models, the angle of the members was modeled using flat-shell elements. In the first model, the joints were assumed to be rigid by using rigid elements between the bolt lines (it was represented by beam element) and the centroid of the angle members. The second model is a flexible joint model. In it, the contact force transfer between the legs of the angles was modeled using the gap elements. The bolts in the joint were modeled using a rod element. Albermani and Kitipornchai [12] developed a new analytical technique. This model represents geometric and material nonlinearities for simulating ultimate structure of the lattice transmission tower. In their model all the members of the tower were represented by beam-column element. In the analysis process, an incremental-iterative predictorcorrector solution strategy is used. Comparing the results of their new technique and the results of their experimental model showed that the technique has been shown to predict accurately both the failure load and the failure mode. More studies such as Kitipornchai et al. [13] , Knight and Santhakumar [14] , Ahmed et al. [15] , and Albermani et al. [16] indicated that the bolted joint effects (joint slippage) has a significant influence on tower behavior by either reducing its load-carrying capacity or increasing deflections under working loads and this effect is not considered in the linear ideal truss analysis. Joint slippage is the relative displacement of very low stiffness and bearing type bolted (see Figure 1) . Also it occurs since bolt holes are drilled in an oversize manner to provide an erection tolerance of 1.6 mm (1/16 in).
The current paper presented theoretical study depending on the finite element method (FEM) using ANSYS software package [17] to predict the actual strength and failure mechanism of the transmission tower. In the current models, Lsection beam finite elements considering the combinations of biaxial bending, axial stretch, and shearing behaviors were used to present the tower members. Also the current model considered geometry and material nonlinearities. Additionally eccentricities of connections for the tower members that they connected only on one leg and joint slippage were modeled.
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In the current work, two theoretical models were developed using ANSYS version 12 package. In the current developed simulation models, the tower members were represented by their real cross section (L-section) using Beam188 elements. Beam188 element has six degrees of freedom at each node; translations and rotations in the nodal , , and directions [17] . This element is well-suited for large rotation or large strain nonlinear applications. Also both of the geometry and material nonlinearity was considered in this model. The material nonlinearity is represented by multilinear kinematic hardening constants (MKIN). It assumes the total stress range is equal to twice the yield stresses, so that Bauschinger effect is included. MKIN may be used for materials that obey von Mises yield criteria. Von Mises yield criteria include most metals. The material behavior is described by a stress-strain curve starting at the original and it has positive stress and strain values. The initial slope of the curve is represented by the elastic modulus of the material.
In ANSYS [17] nonlinear analysis, two different techniques may be used. The first technique is load-control technique. In this technique, total load is applied to a finite element model. The load is divided into a series of load increments during the analysis called load steps. The second technique is displacement-control technique. In this technique, the displacement is applied to the model and the displacement is divided into a series of increments called load steps. The load steps are defined by program user. With increasing the number of load steps, the accuracy of results is increased and the program needs a long time to complete the solution. After completing each increment, the stiffness matrix of the model is adjusted to reflect nonlinear changes in structural stiffness. This changes occurs before proceeding to the next load increment. In the current analysis, load-control technique is used.
The ANSYS [17] uses Newton-Raphson method for updating the model stiffness. Before each solution, the Newton-Raphson method evaluates the out-of-balance load vector. The out-of-balance load vector is the difference between the restoring forces (the load corresponding to the element stresses) and the applied loads. The program then performs a linear solution, using the out-of-balance loads and checks for convergence. If convergence criteria are not satisfied, the out-of-balance load vector is reevaluated, the stiffness matrix is updated, and a new solution is obtained. This iterative procedure continues until the solution converges. A number of convergence enhancement and recovery features, such as line search and automatic load stepping can be activated to help the problem to converge. If convergence cannot be achieved, then the program attempts to solve with a smaller load increment.
In the current model 1, the influence of the joint effect was not considered and it was considered in model 2. The joint effect is represented in model 2 by Combin39 element. It is a unidirectional element with nonlinear generalized forcedeflection capability that can be used in any analysis. The element has longitudinal or torsional capability in 1-D, 2-D, or 3-D applications. The longitudinal option is a uniaxial tension-compression element with up to three degrees of freedom at each node, translations in the nodal , , and directions. The torsional option is a purely rotational element with three degrees of freedom at each node: rotations around the nodal , , and -axes.
In the current model 2, joint slippage was modeled as Ungkurapinan et al. [18] . They pointed that the joint slippage is influenced by the applied load and diameter, pitch, numbers (1-4 bolts), arrangement, length, and properties of bolt. Also it is influenced by poor workmanship. They presented an experimental test for bearing bolted joint that was used in the lattice towers (two members were joined directly). In their experimental program, the load applied was measured and poor workmanship was varied to include three settings namely: maximum construction clearance (3.2 mm), normal construction clearance (1.6 mm), and joints set in bearing (0 mm clearance). End distance and edge distance between bolts were 25.4 mm and 51 mm, respectively. Pitch of bolts was held in a constant manner at 51 mm. Bolt diameter was 16 mm. Their specimens were placed centrally in the testing machine (Hydraulic Testing Machine) and this caused the generation of a couple which turned the entire bolted joint relative to outer member ends due to the eccentricity of loading. From their results, they illustrated the joint effects by idealized curve of load versus joint deformation as shown in Figures 2 and 3 and Tables 1 and 2. In current model 2, each member of the tower legs is represented by Beam188 elements. The bracing members were represented by Beam188 elements along their length and at each end node of the member; six nonlinear springs (Combin39 elements) are defined (see Figure 4) . The nonlinear spring has translational stiffness along , , , and rotational stiffness around , , and . As listed in Table 3 , joint slippage effects are considered by prescribing the axial stiffness which varies depending on the joint type as presented in Table 1 and Figure 2 . Also at lap-splice of the leg, six nonlinear springs are defined as in Table 3 and the stiffness of the axial spring is illustrated in Table 2 and Figure 3. 
Towers Studied
Two different towers were studied in the current research to evaluate the new FE models.
Tower 1.
This tower was experimentally and theoretically studied by Lee and McClure [19] . The overall view of the tested prototype is depicted in Figure 5 . The height of the tower is 10000 mm. The tower consists of 8 panels with a square base of 125 mm × 125 mm in each face of the tower as illustrated in Figure 6 . All members are hot-rolled single angle shapes. The largest leg size is 89 mm × 89 mm × 6.4 mm. Table 4 shows the section sizes of the angle members used.
The load was applied at the cross-arm tip of the tower by pulling it using a towing truck in two directions ( & ). The tower is subjected to the transverse load , in the direction parallel to the axis of symmetry (− direction), to create an overall bending effect. Also the loading is applied to be perpendicular to the cross arm ( direction) to investigate the flexural-torsional behavior of the structure (see Figure 7) . The load magnitude was measured by a load-cell as shown schematically in Figure 6 . Lee and McClure [19] Advances in Civil Engineering 7 the cross-arm tip displacement from images taken by a highspeed camera installed right beneath the cross-arm tip on the ground. Also, sixteen video cameras were installed on each face of the tower so that images of each vertical panel along the four sides would be recorded to identify the failure sequence with the help of the strain gage readings.
Lee and McClure [19] developed three numerical models for simulating behavior of the tested tower. In their models, the tower members were represented by the 2-node threedimensional L-section beam finite elements available in the ADINA user subroutine. In their first model, they used pinjoint for one-bolt connections and rigid-joint for connections using two or more bolts and they modeled the eccentricities at beam ends. The second model is the same as the first model but the eccentricity is not considered. In the third model, the eccentricity is modeled as in Model-I but all connections are considered rigid. Their numerical model considering both geometry and material nonlinearities (using the Pushover analysis) and the full Newton-Raphson method was used.
In the current research, their first model is used in comparing the results of the current FE simulations because this model gives the nearest results to experimental results.
Figures 8 and 9 present the stress-strain curve of the tower material and the current FE simulation, respectively. The tower models are assumed to be fixed on a rigid base. In the current sections, the results of tower 1 are presented and discussed. Figures 10 and 11 illustrate deformed shape of the studied tower 1 in bending and flexure-torsional case, respectively as obtained from Lee and McClure [19] experimental and numerical work and the two current FE models. Figure 12 presents the members failing from the experimental test and the theoretical models. From Figure 12 , it can be observed that in the bending case, failures are concentrated at the base of the main legs, while the diagonal members of the tower below the cross arm fail in the flexure-torsion case. From Figure 12 , it can be observed that the symmetric failure mode is obtained in Lee and McClure [19] numerical model and the current FE simulation. On the other hand the experimental result shows nonsymmetric failure behavior. Figure 13 displays the load-displacement curve at tip point of tower 1 studied from Lee and McClure experimental and numerical [19] work and the current FE simulations in the bending case. Also Figure 14 presents the relationship between the load and displacement at the same point in the case of flexural-torsion from Lee and McClure experimental and numerical [19] work and current FE simulations. These figures show increasing gaps between the Lee and McClure [19] experimental results, their numerical results, and current model 1 and model 2 in the cases of bearing and normal joint slippage. Additionally from these figures, it can be clearly seen that considering joint slippage with maximum clearance (model 2 at maximum slippage) decreases the gap between the experimental and the current FE simulation results.
The difference between the experimental results and the current FE simulations can be referred to the movement of the foundation as observed by Lee and McClure [19] in the full-scale test and the foundation was considered as rigid joint in the FE simulations. Furthermore Lee and McClure [19] mentioned that there were many possible unknown imperfections in the real tower structures tested and their numerical studies and the current FE simulations did not consider any artificial imperfection in the numerical model. These unknown imperfections induce the nonsymmetric behavior of the real structures in the bending case. Also some dynamic effects were involved in the experimental results as noted by Lee and McClure [19] . However, their numerical solutions and the current models were obtained by static analysis.
Tower 2. In 2007 and 2009 at the China Electric Power
Research Institute in Beijing, static prototype tests were conducted on a 25 m tall 110 kV height-adjustable transmission tower used in subsidence-prone area due to coal mining. Their experimental results were published in 2011 by Jiang et al. [20] . The outline of the tower geometry and the loading points are shown in Figures 15 and 16 , respectively. The loading directions in Figure 16 refer to longitudinal (L), transverse (T), and vertical (V). The loading case applied during the tests is listed in Table 5 . Figure 15 identifies points A, B, C, D, E, F, and G at which the corresponding deflections were recorded experimentally. The steel material properties specified in the current numerical model are the nominal values used in design: a Young's modulus of 200 GPa and a yield stress of 235 MPa for all members. Jiang et al. [20] developed numerical models that include joint eccentricity effects and different joint slippage models by USFOS program. They represented the individual members by beam element with angle shapes. In their models, the material nonlinearity was considered and it was based on Advances in Civil Engineering the plastic hinge theory. In this theory, plastic hinges may be introduced at both ends and midspan of each member. When the analysis indicates the onset of yielding in a member, a plastic hinge is inserted at the corresponding element node. If yielding is taking place at midspan of the element, the member is automatically split into two new subelements connected by a plastic hinge and the stiffness matrix for the two subelements is assembled. In their models, the joint effects were represented by six springs at the end of the joint with rigid translational stiffness along , , rigid rotational stiffness around , , and axial stiffness along depending on the type of joint slippage as Ungkurapinan et al. [18] . Jiang et al. [20] used maximum experimental load and reached 95% of the design load as the reference value in comparison with numerical predictions. The tower did not collapse during the test, so the maximum experimental load is not the collapse load. This load is used in the current FE simulations. The current FE simulation is presented in Figure 17 .
In the below sections, comparing results of the current FE simulations with Jiang et al. [20] experimental and numerical results are presented and discussed. The longitudinal tower displacements at different height of the tower and at different percentage of applied load (50%. 75%, 90%, and 95% load) are reported in Figure 18 to Figure 22 . Figure 18 represents the lateral displacement as obtained from the Jiang et al. [20] test, their numerical model without considering the joint effect, and the current model 1. From this figure, it can be concluded that the current model 1 gives similar lateral displacement to Jiang et al. [20] numerical lateral displacement. Also this figure shows that when the load is relatively small (at 50% load) the lateral displacement from the current model 1 agrees with the experimental results. The given lateral displacement at point A from the test is 0.95 time current model 1 displacement. However, as the load is increased (at 90% and 95%) this agreement is progressively lost. The current model 1 gives lateral displacement at point A less than the lateral displacement at this point from the experimental program by 40%.
Additionally Figure 19 to Figure 20 that represent the comparison between lateral displacement from the experimental test and both of Jiang et al. [20] numerical and model 2 with different joint clearance: maximum, normal and bearing, respectively, showed the agreement of results of the current FE simulation considering the joint effect with Jiang et al. [20] numerical models results. These figures also illustrated that the tower deformations given from the FE model that considered joint slippage with maximum construction clearance are closer to measured displacements during the test and this conclusion also appeared in Figure 21 .
Conclusion
Two FE models were developed in the current research to study the nonlinear behavior of electrical transmission towers under static load. The tower was modeled by the 2-node three-dimensional L-section beam finite elements and both of the geometrical and material nonlinearities were considered in the current FE simulations. Model 1 did not consider the eccentricity of connections for the tower members and the joint slippage. In model 2, both of the eccentricity of connections for the tower members and the joint slippage were modeled. The FE simulations results were compared with the previous published results of the fullscale experimental tests and the numerical solutions that were carried out on two different towers. The conclusions from the current study can be summarized as follows.
(1) The current model 2 in the case of maximum joint slippage shows excellent agreement with the experimental test results of the two towers studied. The difference between the current FE simulations and tower 1 test results is due to not considering in the model the movement of the foundation during the test, unknown imperfections in the tower structure, and the dynamic effects in the experimental results.
(2) In general, the behavior of connections of the tower structures has a direct effect on the ultimate behavior of the lattice steel tower structures but has not affected its failure modes and sequence.
(3) Model 2 is very attractive to predict the ultimate behavior of the lattice steel tower structures.
